Background: The bimodality of the age-incidence curve of Hodgkin lymphoma (HL) has been ascribed to the existence of subgroups with distinct etiologies. Frailty models can be usefully applied to age-incidence curves of cancer to aid the understanding of biological phenomena in these instances. The models imply that for a given disease, a minority of individuals are at high risk, compared with the low-risk majority.
Introduction
Lymphomas are grouped into 2 broad but distinct categories, Hodgkin lymphoma (HL) and non-HL that together comprise about 4% of all malignancies in highresource areas of the world. The age-incidence curve of non-HL commonly exhibit monotonically increasing patterns typical for most epithelial cancers, whereas HL curves tend to exhibit 2 peaks, with the respective ages at peak incidence at about 20 and 75 years. The bimodality property of the HL age-incidence curve was first described in the late 1950s by MacMahon (1) , who ascribed the heterogeneity in incidence by age to subgroups each with distinct etiologies (2) . The infectious etiology of HL has been postulated for decades, based initially on clinical and histopathologic presentation, and subsequently on epidemiologic evidence (3, 4) .
Although there were indications of Epstein-Barr virus (EBV) infection being involved in the etiology of HL, it was not until 1987 that EBV DNA was detected in the malignant Hodgkin/Reed-Sternberg cells of the tumor (5) . EBV infection is clearly implicated in the etiology of a proportion of HL, but it is not established which factors determine the development of EBV-related HL, although immunologic control of the infection is likely to be involved (6) . The first peak of the age-incidence curve is dominated by HL among young adults and has been suggested to be caused partly by a primary infection (largely non-EBV related; ref. 7) . The first mode also contains a small group of HL among children that is most likely attributed to primary EBV infection. The second peak in older adults is thought to be due to loss of immunologic control of latent infection (mostly EBV; ref. 6) .
One possible explanation for the bimodal age-incidence curve is that it reflects risk at the individual level, that is, a typical person has a risk that changes over his or her lifetime with 2 peaks. Although possible, this does not fit with carcinogenesis models which seem to predict monotonically increasing risk (8, 9) . Another explanation is that individuals have increasing risk functions but that heterogeneity between individuals creates the 2-peaked incidence. A peak followed by a subsequent decline in age-incidence curves, as seen for HL, may be interpreted as a frailty phenomenon. The risk at the population level declines once those susceptible, or frail, have acquired the disease. Once they are removed, they leave a pool of lowrisk individuals, and a decline in the age-incidence curves is observed after a certain age. Statistical fitting of frailty models to these curves provides an estimate of the variation in risk between individuals at the population level, the fractions of those susceptible in the total population, as well as the number of genetic or epigenetic events required for a cell to reach malignancy. Such frailty analyses have been successfully applied to cancers of the testis (10, 11) , colorectum (12) , and nasopharynx (13, 14) , to add to the existing body of knowledge.
The frailty model is here presented as a hypothesisdriven exploration of the observed peaks in incidence. It obviously represents a simplification, but one would expect that some individual heterogeneity must necessarily be present. Our aim is to see to what extent frailty modeling can explain the observed pattern. An alternative explanation for the first peak might be that an EBV or other infection could by pure chance initiate cancer development in a small minority of unfortunate individuals. Our hypothesis is that this is not a chance phenomenon but also relies on an inborn vulnerability of the individual.
The aim of this study is to advance the understanding of the etiology of HL by applying frailty modeling on HL incidence data from population-based cancer registries. We used data from the Nordic countries to assess the adequacy of various candidate models and interpret the model parameters in light of our current understanding of the biology and etiology of this disease.
Materials and Methods
HL incidence data for the 5 Nordic countries (Denmark, Finland, Iceland, Norway, and Sweden) were obtained by 5-year age group (0-4, 5-9,. . ., 80-84, 85, and over) and sex for the period 1993 to 2007 from NORDCAN, an online database (15) that includes detailed information on cancer incidence, mortality, and prevalence from the respective national population-based registries for more than 5 decades (16) . A total of 8,045 incident cases were observed in the study period and 362,843,875 person-years at risk were accumulated ( Table 1) .
Because of the inherent random variation in the national age-specific rates and small numbers of cases within each age group for each country, aggregation across countries was necessary. Figure 1 shows that the incidence of HL was homogenous across the Nordic countries, justifying a Nordic-wide aggregation before fitting the frailty model.
Modeling
Frailty modeling is an extension of the Cox proportional hazards model in which a random effect (the frailty) has a multiplicative effect on the hazard function. Hence, the hazard rate for an individual is the unobserved frailty, Z, multiplied by the baseline hazard rate for all individuals, l(t), that is, hðtjZÞ ¼ ZlðtÞ. Individuals with a high value of Z have a high risk of developing the disease, whereas individuals with a low value of Z are at low risk. The frailty follows a specified distribution, commonly gamma or compound Poisson. The latter distribution was used in this study as it allowed for a nonsusceptible fraction of the population (for which Z ¼ 0), given by the parameters (n and h) of the distribution, as justified below.
The mathematical details of the model are given in the Appendix. In brief, let the subscripts 1 and 2 of i denote parameters for subgroups of the incident cases characterized by the first and second peaks of a bimodal ageincidence curve, respectively. Following a validation of the model as applied to nasopharyngeal cancer by Haugen and colleagues (12), we included 2 independent frailties to allow for the 2-peak age-incidence of HL, with Z 1 representing the risk of developing HL in early adulthood, and Z 2 representing the risk of HL incidence at later ages. The frailty model for the hazard at age t for each individual can then be formulated as:
Here Z 1 and Z 2 are frailty variables assumed to follow compound Poisson distributions having 2 parameters h i and n i , with i ¼ 1, 2. The compound Poisson distribution consists of a positive probability of having a zero frailty combined with a distribution over positive frailty values. The zero frailty corresponds to a group with zero susceptibility (in practice the susceptibility may not be exactly zero, but only very small). The compound Poisson distribution is mathematically a very attractive choice when there is a group with very low susceptibility (17) . Hence, the quantity of interest is the proportion of individuals susceptible to HL in each peak, specified as:
The baseline hazards l 1 (t) and l 2 (t) were assumed to follow Weibull distributions for all individuals. The use of Weibull distributions for modeling carcinogenesis dates back to the classical Armitage-Doll model (8) . Many cancers show age-incidence rates that can be well approximated by Weibull distributions. These distributions have a scale parameter a i , modeling the level of incidence of the disease, and a shape parameter k i . The shape parameter is often interpreted biologically as the number of (genetic or epigenetic) events required on average for a cell to become malignant (8) , and therefore should be constant across sex, birth cohort, diagnosis period, and country. As the Weibull shape parameters are allowed to vary for the 2 peaks in the model, this corresponds to letting HL in the first and second peak to be characterized by a different number of events leading to malignancy, a result that can be interpreted in terms of possible differences in disease etiology. Explanatory factors can be included either in the frailty distribution or the baseline hazard, leading to models with different interpretations. If for example, sex is included in the frailty distribution (i.e., allowing either h i and n i or both to vary by sex), it would yield a model with different proportions of susceptibles for males and females. This approach will fit with biological knowledge indicating that there should be a difference in risk between males and females very early in life. It will also correspond to an interaction between sex and the frailty. If, on the other hand, sex is included in the baseline hazard (i.e., allowing a i to vary by sex), the proportion of susceptibles is equal for all. However, the underlying disease process as modeled by the baseline hazard may be at a higher level by age for one sex compared with the other, corresponding to for example, different exposure to environmental factors by age. Accordingly, we wish to present 2 contrasting models, one for each of the 2 alternatives given above, and then discuss which model seems most reasonable given the data and the current biological knowledge of HL. Comparing 2 prototype models yields insight, and it is not a priori clear which of them would be most correct.
The data were analyzed by using the software packages, Stata (18) and R (19) , with the R function nlminb used to maximize the log-likelihood function (see Appendix), and standard errors calculated from the Hessian matrix by using the R function optim. designed to protect against overfitting and for which the model fit improves as the AIC value decreases) for different models, in addition to visual inspection of the fit of the model, and allowing the parameters to differ by sex at peak incidence. The 95% CIs for the proportions of susceptibles are based on the bootstrap percentile method, using 2.5 and 97.5 percentiles of estimates from 1,000 bootstrap samples of the data, sorted in ascending order.
Results
The 2 models both have 10 parameters. Model 1 allows the frailty parameters h 1 and n 1 for the first peak to vary by sex (Log likelihood ¼ 36,959, AIC ¼ À73,899). On the basis of AIC and visual inspection, it was unnecessary to let them vary by sex for the second peak. As mentioned in the modeling section, this corresponds to saying that there should be a difference between males and females very early in life, causing them to have different proportion of susceptibles in the first peak. The fit of model 1 to the observed incidence rates for males and females are given in Figure 2A and B, respectively. In model 2, the Weibull scale parameters a 1 and a 2 vary by sex (Log likelihood ¼ 36,952, AIC ¼ À73,884). Hence, in this model, the proportion of susceptibles varies by peak only. The fit of model 2 to the observed incidence rates for males and females are given in Figure 2C and D, respectively.
The estimates for some of the components of models 1 and 2, together with corresponding 95% CIs, are given in Table 2 . In model 1, the Weibull shape parameter for the first peak was estimated to be 3.97, indicating that the number of events required for a cell to reach malignancy among the cases diagnosed at ages associated with this peak, is around 4. For the second peak, the corresponding number of events is between 6 and 7. In model 2, the Weibull shape parameter is similar for both peaks, with estimates from 3.5 to 4.0, indicating that 3 to 4 events (rate-limiting steps) are necessary to reach malignancy in both peaks.
In model 1, the proportion of susceptibles for HL in the first peak is 0.52% for the male population, and 0.11% for the female population, with very wide CI for males. For the second peak, the proportion of susceptibles is 0.09% for both sexes. This results in a higher proportion of susceptibles in both peaks for males, corresponding to the higher incidence of HL observed in males compared with females. In model 2, on the other hand, the proportion of susceptibles is 0.09% for the first peak and 0.20% for the second, thus yielding a proportion of susceptibles of 0.29% for both males and females. This is a dramatic difference compared with model 1, but is compensated by the larger Weibull scale parameter values in model 2. Hence, the level of risk in the baseline hazard is higher (corresponding to greater exposure to environmental factors in this model), resulting in a similar fit to data for both models. As mentioned in the modeling section, the discrepancies between the models are because of the differences in the parameterization of the models, giving alternative explanations as to what causes the 2 peaks and the observed differences in incidence by sex. In Figure 3 , the respective contribution of the component parts in models 1 and 2 to the observed age incidence is depicted. When the curves from each part are added, one gets the estimated age-incidence curves in Figure 2 for each sex and model. For model 1, the degree of overlap between the 2 parts of the model is particularly apparent for the observed second peak in males, where the large contribution from the curve estimated by the first part of the model, impacts on the observed level of incidence in the second peak. Hence, if there are 2 different etiologies underlying the 2 peaks, the cases in the second peak for males will be a mix of both. For model 2, the degree of overlap is fairly small for both sexes, and the 2 etiologies are more separated, except for a small period in mid age.
Discussion
Frailty models can be usefully applied to age-incidence curves to aid the understanding of biological phenomena in instances in which for a given disease, a minority of individuals are at high risk, compared with a low-risk or, in theory, nonsusceptible, majority. In this study, we have shown that a bimodal frailty model provides a reasonable fit to the age-incidence curves of HL, diagnosed between 1993 and 2007 in the 5 Nordic countries. It shows that interindividual variation in cancer susceptibility can give rise to complicated, for example, bimodal population incidence rates as a function of age, while at the same time, the individual risk remains simple and monotonically increasing by age. The decline in incidence with age for the component peaks represents exhaustion of the susceptible population, rather than decreases in risk for any individual within the population, which is the basic idea of the frailty model. These findings provide additional insight into the bimodality of the age-incidence curve, the observed sex differences in incidence among older adults, and the variations in the susceptibility of acquiring the disease, each of which is addressed below.
It has been recognized for decades that a key epidemiologic feature of HL is the consistent observation of bimodalilty of the age-incidence curves and the hypothesized existence of at least 2 etiologically distinct subgroups characterized by their differing ages at peak incidence (1, 2). The current epidemiologic understanding of HL would suggest that the first peak (20 years) relates to specific factors affecting children (EBV-positive) and young adults (predominantly EBV-negative). The second peak (75 years) relates to the determinants of HL affecting older adults (largely resulting from a lack of immunologic control of latent EBV infection). The overall shape of the age-incidence curve is a function of the relative contribution of each of the underlying subgroups (6) . The childhood group has been put forward as comprising an epidemiologically separate entity as part of a "three-disease model" (21) . In this study, however, there was little sign of such a separate entity among children. Although the data may be too limited to consider a 3-hazard model in the early years, our results support the notion that the age-incidence curve of HL is adequately and robustly described by a bimodal distribution.
In the actual frailty analysis, 2 different modeling approaches have been employed. In model 1, the sex covariate was included in the frailty component, whereas in model 2, it was included in the baseline Weibull hazard. Even though the overall integrated result of both peaks is quite similar in both models, there are noticeable differences when comparing the estimates resulting from the 2 models. These differences include the male-to-female ratio of susceptibles, the k parameter (i.e., the number of rate-limiting steps in the carcinogenic process), and the proportion of susceptibles. The male-tofemale ratio varies between 3:1 for model 1 and 1:1 for model 2, and k was estimated to 4 and 6 to 7 for peaks 1 and 2, respectively, in model 1, whereas in model 2, it was estimated to 3.5 to 4 in both peaks.
The subtypes of HL are the same regardless of whether the disease occurs as part of the first or the second peak. It is thus reasonable to assume that the disease process and thus also the number of rate-limiting steps, are similar. If biological data were available to support a similar process for both peaks, one would prefer model 2 over model 1, because the estimated k values of 3.55 and 3.75 for peaks 1 and 2, respectively, from model 2 are reasonable. There is also little biologic evidence supporting the notion that inherent susceptibility varies between males and females, as implied by model 1. The initial step in the disease development is thought to comprise environmental factors acting in conjunction with inherited susceptibility genes, evenly distributed between males and females (22) (23) (24) (25) (26) (27) (28) . The assumption of model 2 that susceptibility is similar in both sexes is thus in line with current understanding that the sex difference in HL incidence rates is explained by variation in exposures. The estimated proportions of susceptible to HL pertaining to both peaks combined varied between the models. For model 1, the estimates were 0.61% and 0.20% for males and females, respectively; and the corresponding values for model 2 were 0.29% for both males and females. The estimates deriving from model 2 are in better accordance with the lifetime (0-84 years) HL risk of 0.23% and 0.17% for males and females, respectively, based on data from NORDCAN (15) than the estimates from model 1. However, model 2 overestimated the proportion of susceptibles somewhat in both males and females. This discrepancy could possibly be due to factors related to the second peak for both men and women, where the estimated curve continues at a high level and would continue above 80 years and further on as well. This indicates that a number of susceptible people simply do not acquire the disease because they die from other causes. All in all, on the basis of the male-to-female ratio, the k parameter values, and the number of susceptible, model 2 seems to fit better with our current understanding of HL than model 1.
One difference between the 2 models is the degree of overlap between the 2 peaks in males. In model 1, the first peak in males is right-skewed, indicating that the second peak contains a mixture of HL with different etiology. In model 2, on the other hand, the 2 peaks in males are more separate, thus suggesting that the second peak contains HL with homogeneous etiology. One interpretation of this sex difference is less heterogeneity in HL in females than in males among elderly. There is some evidence for greater heterogeneity in HL among males compared with females in this age group, as there is a certain occurrence of nodular lymphocyte predominant subtype in elderly males in addition to the more common subtypes of nodular sclerosis and mixed cellularity/lymphocytes depleted (29) . Accordingly, because the overlap between the 2 peaks in males is featured in model 1, but not in model 2, model 1 seems to fit better with our present knowledge of heterogeneity in HL in elderly males than model 2.
The idea underlying the frailty model is that a small fraction of individuals have a high risk of a particular disease, whereas the majority are associated with a small risk. Inherited susceptibility genes acting in conjunction with environmental factors are thought to comprise the initial steps in the disease development. The growing evidence of genetic predisposition playing a role in HL (22) might provide the biologic rationale for this model. It has been known for many years that genetically determined variation (polymorphisms) in the human leukocyte antigen (HLA) region is associated with susceptibility to HL (23) . Recent studies have shown that HLA class I and III regions are associated with susceptibility to EBV-positive and EBV-negative HL, respectively (24) . Furthermore, the etiological heterogeneity between these 2 types of HL has been shown to relate to HLA-A alleles and cytotoxic T-cell response to EBV infection (25) . In addition, there is accumulating evidence suggesting that polymorphisms in other relevant genes are associated with the risk of HL, such as B-cell developmental genes (26), glutathione S-transferase genes (27) , and DNA repair genes (28) .
On the basis of a simulation study of genome-wide association studies, Dickson and colleagues (30) suggested that rare genetic variants with large effects on disease risk may be implicated in a large proportion of cases. Hence, risk might be concentrated on few individuals rather than being distributed more evenly over many people, which fits with our frailty thinking. Yet another mechanism possibly underlying frailty is a model in which random mutations occurring at a very young age produce a developmental disposition to cancer (31). This is not genetically determined but due to random and unpredictable events.
The uniform trends across countries provide a rationale for collapsing across them, thus ensuring a sufficient accrual of cases to adequately interpret the model estimates. From 1980 onwards, there was a decreasing trend of HL in European countries (32) . This is likely the result of improved diagnostic tools introduced in these populations circa 1980, via enhancements in immunohistochemistry, for example, more specific B-and T-cell markers, in addition to Southern blot analysis of immunoglobulin and T-cell receptor gene rearrangements. An increasing proportion of patients previously diagnosed as mixed cellularity and lymphocyte-depleted HL were classified as non-HL (33). The incidence rates stabilized around 1990, and to avoid bias due to this artificial reduction in HL incidence rates, only data from more recent years of diagnosis, that is, 1993 to 2007, were used in the frailty analysis.
As pointed out most recently by Byrne (34) , the Armitage-Doll model provides a reasonable fit for cancers of the colon, stomach, and pancreas (8) but is an inadequate representation for the majority of neoplasms. We show that the applicability of the Armitage-Doll model can be extended if one considers the heterogeneity between individuals, via frailty models, and even incidence curves with 2 peaks are consistent with the former model. The parameter k has traditionally been attributed as a proxy of the number of ratelimiting cellular changes needed for cancer progression. This view has been useful, but clearly represents an oversimplification of the complex mechanisms underlying cancer development (34) . Still, the parameter is a natural model parameter, being part of the standard Weibull distribution, and remains of interest as a marker of important biological features. In the case of HL, the k parameter could be translated into rate-limiting steps in the carcinogenic process leading to HL, such as acquisition of EBV infection, loss of immune control (pertaining to peak 2 of the age-incidence curve), and subsequent transitions toward malignancy.
In summary, the present study has shown that the ageincidence curves of HL, as diagnosed during 1993 to 2007 in the 5 Nordic countries, are well described by bimodal frailty models. The good fit is not in itself a proof of the validity of the model; however, it illustrates that heterogeneity in cancer susceptibility between individuals may give rise to bimodal age-incidence rates at the population level, although the individual risk remains simple and monotonically increasing by age. Frailty modeling of HL adds to the existing body of knowledge on the heterogeneity between individuals in terms of susceptibility pertaining to this cancer form. At present, there are more arguments in favor of model 2 than model 1. However, this may change if new information on the underlying mechanisms behind HL is acquired in the future. A follow-up modeling study encompassing the histologic subtypes of HL seems to be warranted to further explore the heterogeneity in risk of acquiring this disease.
Appendix
Let the subscripts 1, 2 indicate parameters for peaks 1 and 2, respectively. The compound Poisson distributions for the frailties Z 1 and Z 2 normally have 3 parameters r i , h i , n i with expected value EðZ i Þ ¼ r i h i =n i , i ¼ 1, 2. The Weibull distributions have a scale parameter a i and a shape parameter k i with l i ðtÞ ¼ a i k i t k i À1 . Because both the compound Poisson distributions and the baseline hazards include scale parameters r i and a i , we fix the expected value of each frailty distribution to 1 by setting r i ¼ n i =h i to secure identifiability of the model.
The individual survival function can be found by conditioning on the frailties Z 1 , Z 2 and integrating them out. The conditional survival function is
in which L i ðtÞ ¼ R t 0 l i ðsÞds ¼ a i t k i is the cumulative basic hazard rate. To find the unconditional or population survival function, we calculate E SðtjZ 1 ; Z 2 Þ ½ by integrating over the frailties (12) . The result becomes:
The proportion of susceptibles in each peak follows from the parameters of the compound Poisson frailty distributions as PðZ 1 > 0Þ ¼ 1 À expðÀn 1 =h 1 Þ and PðZ 2 > 0Þ ¼ 1 À expðÀn 2 =h 2 Þ. Because Z 1 and Z 2 are independent, the total proportion of susceptibles in either first, second, or both peaks is calculated as P ðZ 1 > 0 or Z 2 > 0Þ ¼ P ðZ 1 > 0Þ þ P ðZ 2 > 0Þ À P ðZ 1 > 0Þ Á P in which T l,m is the number of person-years at risk for age interval l with sex m.
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